In this review paper, we first give a short overview of radiological image guidance in photon radiotherapy, placing emphasis on the fact that linac based radiotherapy has outpaced particle therapy in the adoption of volumetric image guidance. While cone beam computed tomography (CBCT) has been an established technique in linac treatment rooms for almost two decades, the widespread adoption of volumetric image guidance in particle therapy, whether by means of CBCT or in-room CT imaging, is recent. This lag may be attributable to the bespoke nature and lower number of particle therapy installations, as well as the differences in geometry between those installations and linac treatment rooms. In addition, for particle therapy the so called shift invariance of the dose distribution rarely applies. An overview of the different volumetric image guidance solutions found at modern particle therapy facilities is provided, covering gantry, nozzle, C-arm, and couch-mounted CBCT as well different in-room CT configurations. A summary of the use of in-room volumetric imaging data beyond anatomy-based positioning is also presented as well as the necessary corrections to CBCT images for accurate water equivalent thickness calculation. Finally, the use of non-ionizing imaging modalities is discussed.
IMAGE GUIDANCE FOR RADIOTHERAPY
Over the last decades, the adoption and advancement of image guidance for conformal radiation therapy has gradually improved treatment delivery precision and accuracy by matching the in-room target location to the treatment simulation target location for a given fraction. [1] [2] [3] [4] [5] [6] The importance of this alignment has been increased tremendously by the advances in photon radiation delivery which allow a sculpting of the dose distribution by intensity modulation; techniques such as intensity modulated radiation therapy or arc therapy have introduced sharper dose gradients which are less forgiving of setup errors. Image guidance is generally achieved by either directly comparing the target location between in-room imaging and the three dimensional (3D) computed tomography (CT) image acquired for treatment planning, or using surrogate image features known to correlate with the target location.
In an early form, image guidance was performed based on portal images acquired with the treatment field of a medical linear accelerator (linac) using radiographic films or electronic portal imaging devices (EPID). 7, 8 Sets of 2D images acquired at different gantry angles were compared to corresponding digitally reconstructed radiographs (DRR) obtained from the planning CT. Given the poor contrast of megavoltage (MV) photons, bony anatomy was most frequently matched between portal images and DRR, providing a set of correction shifts to be applied to the treatment table. The original EPIDs consisted of a phosphorescent screen coupled to a camera, 9, 10 however, developments in digital amorphous silicon flat panel technology 11 allowed mounting a compact X ray radiography system either in the room 12, 13 or orthogonal to the treatment beam on linac gantries, 14 yielding a boost in contrast and a reduction in imaging dose. Yet given the integral nature of projection imaging, fiducial markers are often implanted; 14, 15 they are usually made of inert radiopaque materials such as gold. The digital nature of amorphous silicon EPIDs and the reasonably high frame rate allowed both automation and tomographic imaging using a cone beam X ray source. 16 Cone beam computed tomography (CBCT) opened the door to in-room volumetric imaging on a large scale; nowadays most modern linacs are equipped with on-board CBCT imaging systems. This entailed a shift from 2D-2D registration of projection images and DRRs to 3D-3D registration of CBCT and CT images.
Besides linac-mounted solutions, a series of irradiation devices designed with image guidance capability have made their appearance in treatment rooms. Examples include helical tomotherapy, 17, 18 where the CT scanner concept has been extended by replacing the X-ray source by a linac coupled to a binary collimator, allowing both irradiation and imaging of the patient with the same source (with a lowered energy) and isocenter. Another ring-based device is from Mitsubishi and Brainlab which mounts two sets of kilovoltage (kV) X ray tubes and flat panel detectors on an O-ring gantry that houses a 6 MV linac. 19 Other designs, such as the Cyberknife, 20, 21 make use of in-room orthogonal planar X ray imagers for real-time tracking of the tumor using a robotic arm mounted linac. Brainlab also offers an X ray based system called ExacTrac, which is compatible with the equipment of most conventional linac vendors. Methods avoiding ionizing radiation altogether, such as ultrasound (US), optical imaging, or magnetic resonance (MR) imaging, have also been considered for image guidance. One US approach uses a transperineal US probe to track prostate motion prior and during beam delivery. 22 Commercial infrared and laser-based optical surface imaging systems have been utilized by many centers to enhance patient setup, to detect intra-fractional patient motion, and to track the respiratory pattern for gated beam delivery. 23, 24 The various MR-linac projects propose to bring MR guidance to the room, 25 and some solutions based on 60 Co have now made their way to the clinic. 26 To summarize, image guidance has been wholly embraced by the photon based radiation therapy community, as attested by several review papers on the topic. 3, 5, 6, [27] [28] [29] [30] [31] [32] Advanced technology is available to ensure accurate and precise target localization and automated workflows contribute to the widespread clinical implementation.
UNIQUE NEEDS OF IMAGE GUIDANCE FOR PARTICLE THERAPY
Proton therapy was in fact one of the first radiation modalities to employ in-room imaging for setup correction. The work at Massachusetts General Hospital and the Lawrence Berkeley Laboratory using orthogonal X ray imaging 33, 34 preceded the early linac based image guidance, 35 and the technique is widespread in proton therapy centers. 36 However, it is generally acknowledged that particle therapy has until recently lagged linac based technology in terms of volumetric image guidance. 37 The application of image guidance to photon based radiotherapy has benefited from the so-called shift invariance of megavoltage photon dose distributions. [38] [39] [40] While the assumption has limitations for targets close to the patient's skin, 41 it allows patient alignment without performing a recalculation of the dose. Since particle therapy dose distributions are sensitive to changes in the water equivalent thickness (WET) between the patient's skin and the distal edge of the target, the shift invariance of the dose distribution can rarely be assumed. WET differences can be caused by changes in the patient surface, displacement of dense tissues relative to the target (femoral heads, ribs, jaw) or variations in low density regions (rectum, bowels, lungs). This is illustrated in Fig. 1 where the dosimetric impact of rigidly aligning the target between two CT images of the same prostate patient is shown for IMRT and intensity modulated proton therapy (IMPT).
Many particle therapy facilities were designed before the widespread adoption of CBCT imaging in linac-based radiotherapy. 37 In addition, the number of particle therapy facilities has historically been small compared to linac installations, with significant heterogeneity in design between facilities. Both factors contributed to delaying the commercial development of dedicated volumetric image guidance systems. Finally the room and gantry layouts for particle therapy entail geometric differences from linac radiotherapy which further impeded the adoption of existing volumetric imaging technology without modification (for example, longer source-to-imager distances).
EXISTING IMAGE GUIDANCE SOLUTIONS IN PARTICLE THERAPY
As mentioned above, from the 1970s, particle therapy centers have adopted orthogonal kV radiographs for pre-treatment position verification. 32 Part of the motivation for this choice was the unavailability of high energy beams (>250 MeV protons) for transmission body imaging and the insufficient image quality of proton radiography. The majority of particle therapy centers continue to use 2D X ray imaging for image guidance with or without implanted fiducial markers. Improvement on implanted markers are still needed to achieve desirable properties, including small dimensions, low atomic number, low artifact on CT, good visibility on radiographs, small dose perturbation, and minimal migration. 42, 43 Imaging technologies relying on aligning target surrogates (bony anatomy or implanted fiducials), such as orthogonal X ray imaging, are inadequate for monitoring the tissue changes, i.e., WET, along the beam paths, which could result in undershoot or overshoot of the particle beams (as illustrated in Fig. 1 ). Volumetric image guidance technologies initially developed for photon radiotherapy more than a decade ago could alleviate this problem. Recently, volumetric imaging capability has become commercially available and has been clinically implemented at new particle therapy facilities. The main types of existing volumetric imaging technologies found in modern particle therapy centers are described below, and shown in Fig. 2 .
3.A. Gantry-mounted CBCT
Gantry-mounted kV CBCT was not commercially available for proton therapy until 2014. Since then, all major proton therapy vendors have developed such systems, including image guidance software, although these first generation systems require further improvements. In photon radiotherapy, the kV X ray tube and the flat panel imager are often mounted to the C-arm linacs. In proton therapy, the 360°gan-try can be equipped with the X ray source behind the gantry rolling floor and the detector panel either unfolds from the sides of the nozzle or extends from the center wall in the direction of rotating axis. Due to such designs, source-to-axis distance (SAD) and source-to-imager distance (SID) are rather large -160-288 cm and 220-347 cm for SAD and SID, respectively. For comparison, the CBCT systems on linacs are typically 100 cm SAD and 150 cm SID. The larger patient-to-imager distance (59-100 cm for proton vs. 50 cm for photon) favorably reduces the fraction of scattered photons reaching the detectors. However, the larger SID requires a much higher X ray tube current for the proton system even without the use of anti-scatter grids if the same photon flux reaching the detector as in the photon counterpart is to be maintained. It remains to be seen whether this high tube current requirement significantly reduces the life expectancy of the X ray tubes. Large SID also makes the mechanical alignment and stability fairly crucial in maintaining high image quality. Since only one pair of X ray tube and detector panel are currently used and the limitation of one full rotation per minute, the image acquisition time of CBCT is identical for proton and photon systems. Due to the mechanical challenge in implementing the half-fan mode with detector offset, the large field-of-view (FOV) imaging has not yet been implemented in some systems. Reported computed tomography dose index (CTDI vol ) values in our survey ranged from about 4 mGy for a head protocol to 16 mGy for a pelvis protocol, with the thorax protocol requiring about 8 mGy. Direct comparison to photon linac-mounted CBCT systems in terms of dose would require a careful study of image quality.
3.B. Nozzle-mounted CBCT
Partial gantry (180°-220°) proton systems were favored by some facilities because of cost-and space-saving. In theory, a minimum rotation of 180°plus the cone angle is needed to ensure a complete sampled data set for CBCT. For example, a detector size of 40 9 40 cm 2 and SAD/SID = 100/150 cm would produce a cone angle of 15.2°. In practice, the large size of the nozzle and mechanical interference make it very challenging to install the CBCT hardware directly on the partial gantry. Even when feasible, the data for the large FOV in the half-fan mode would not be acquired. One solution is to mount the imaging hardware to the nozzle instead of gantry as in the compact IBA Proteus One system. It is necessary to retract the hardware while not in use to avoid collision and not to limit the usable proton beam angles. Unless the nozzlemounted X ray source and imager can rotate 360°around the patient, which requires the longitudinal axis of the patient couch to point to the horizontal nozzle, a creative acquisition method needs to be adopted for obtaining large FOV images, such as 3D digital tomosynthesis imaging or repeated limited-angle acquisitions with detector offsets. 44 
3.C. Robotic C-arm CBCT
CBCT imaging devices mounted on a robotic C-arm have been developed both commercially and in-house for, but not limited to, fixed beam ports and partial gantries. Initial attempts modified robotic surgical and interventional X ray imaging systems for image guidance of particle therapy. Integration of off-the-shelf imaging software with particle therapy control systems and oncology information systems has been challenging. Subsequent efforts were made to design the hardware and the image registration software specifically for image guidance purposes. One example is the custom made robotic imaging system in Centro Nazionale di Adroterapia Oncologica (CNAO, Italy), which integrates a diagnostic kV X ray tube and an amorphous silicon flat panel detector to a floor-mounted six-joint robotic arm for off-treatment isocenter CBCT. 45 It rotates 220°around the patient and produces a reconstructed FOV of 300 9 300 9 150 mm with 1.17 9 1.17 9 1.5 mm voxel size. The ceiling-mounted robotic C-arm CBCT system, designed by Hitachi and installed at St. Jude Children's Research Hospital, is capable of 360°rotation because of the addition of a rotating C-ring coupled to the C-arm. 46 The FOV can be increased to 530 9 530 9 280 mm in the half-fan mode with imager panel offset. The introduction of ceiling rails combined with robotic arms allows this system to perform CBCT at and off the treatment isocenter. Imaging at the isocenter provides direct evidence that the patient is indeed in the desired position immediately before treatment, while off-isocenter imaging gives therapists and eventual anesthesia staff more clearance around the patient. Decoupling the imaging devices from gantry and nozzle could provide more clearance and make such imaging systems easier to upgrade.
3.D. In-room CT on rails
Pioneering work on the use of a horizontal CT for inroom, on-isocenter imaging of seated patients was performed at National Institute of Radiological Sciences in Japan at the end of the 1990s. 47, 48 Many particle therapy centers have since decided to adopt in-room sliding CTs for image guidance. [49] [50] [51] The CT scanners on rails are often installed several meters away from the gantry at an angle to reduce interference with the treatment workflow and neutron exposure. The robotic patient positioner (couch) would first move the patient to the predetermined imaging isocenter and the CT scanner subsequently slides to the imaging location. Multiple CT vendors have successfully integrated their scanners with particle therapy systems. This integration of two vendor systems, coordinate matching, calibration of couch and CT gantry movement are still fairly challenging because of the unique design of each facility. Carefully co-ordinating the sliding CT and the 6 degree-of-freedom robotic patient positioner to avoid collision is of paramount importance. The major limitation of CT on rails is the lack of imaging capability at the treatment isocenter. After setup correction, repeat image verification may not be performed at the treatment isocenter. Nevertheless, many advantages exist with these fan-beam CT scanners, including better low-contrast image quality, faster image acquisition, larger axial and longitudinal FOV, more accurate CT number for replanning, and feasibility of 4D CT scans for moving tumors. Features uniquely available on diagnostic CT scanners, such as automatic exposure control, metal artifact reduction, and dual energy scans, can be attractive. It is important to note that high quality planning CT are often acquired with a dose >10-20 mGy (CTDI vol ) while reduceddose CT for frequent image guidance use <10 mGy. The quality of the latter needs to be examined carefully before being used directly for adaptive planning.
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3.E. Couch-mounted CBCT
CBCT with an imaging ring mounted to a robotic patient couch is the latest technology that started its clinical evaluation recently. Both X ray tube and flat panel imager are mounted to the ring and can rotate independently around the patient, thus enabling non-isocentric imaging. 52 In addition to cone beam acquisition, fan beam geometry can be achieved with variable collimation of the X rays. A helical acquisition mode is possible to increase the longitudinal FOV to 125 cm. CBCT can be performed at either on-or off-treatment isocenter. Because of the weight of the X ray tube and flat panel imager, maintaining high position accuracy for the couch is fairly challenging. An optical tracking camera has been integrated with the system to monitor the markers underneath the tabletop to compensate for patient and ring payload. An online collision avoidance system is essential to monitor all moving elements.
3.F. Summary
Because of unique facility designs and workflows, particle therapy centers adopted different image guidance solutions to best serve their needs. Even the same imaging equipment may be used differently from center to center. For example, one facility may decide to use the in-room CT for patient position correction while another scans patients to monitor the change in tumors and critical organs. It is currently not clear that gantry-mounted CBCT will dominate future particle therapy systems as in photon radiotherapy. Aspects beyond 3D volumetric imaging may also impact the future direction of image guidance in particle therapy; for example, vendors have recognized the importance of 4D CBCT as a future application, and some have added it to their roadmaps. The importance of 4D imaging is highlighted in the article "Motion management in particle therapy" from Mori et al. from this special issue. Current features and challenges of five volumetric image guidance solutions are summarized in Table I based on a survey of particle therapy facilities. Since all facilities that perform volumetric image guidance are also equipped with 6 degree-of-freedom couches, setup corrections are applied in translation and rotation after 3D-3D image registration between reference and acquired images. Volumetric image guidance technology in particle therapy continues to improve and increased adoption in new facilities is expected.
BEYOND ANATOMY-BASED POSITIONING
The availability of in-room volumetric image data in particle therapy allows not only target alignment but also the opportunity to perform a pre-treatment verification of the WET. This is particularly critical for particle therapy, for the reasons illustrated in Fig. 1. A fast, 2D , beams-eye-view (BEV) map of the WET between the patient's surface and the target's distal edge may be calculated following conversion of CT images to stopping power ratio (SPR) by integrating the SPR along the beam path. WET deviations may serve as a trigger for plan adaptation or other corrective measures. The calculation of WET is inherently simpler when using volumetric imaging data acquired with a CT on rail than with CBCT due to the well documented image quality issues of the latter. Spatially varying artefacts due to body scatter, 53 detector scatter, 54 beam hardening, 55 detector lag, 56 and truncated field of view 57 (as summarized and corrected for by Thing et al. 58 ) make CT number conversion problematic due to a lack of a single bijective relation between directly reconstructed CBCT Hounsfield units and SPR. 59 While the WET serves as a good indicator for dose delivery integrity, in some cases it may be desirable to compute the dose distribution on the anatomy of the day. For this purpose, in-room CT is again superior due to the aforementioned CBCT image quality issues.
In the last 2 yr, several groups have proposed methods making use of the prior information available from the planning CT scan and deformable image registration to correct CBCT data to allow either WET or dose distribution computation, [59] [60] [61] [62] [63] [64] [65] achieving an accuracy of about 2% relative to planning CT. 62 The in-room CT or corrected CBCT data may also be used for treatment plan adaptation 66 to correct for gross anatomical changes such as weight loss, bowel filling variations or organ motion accompanied by large WET deviations. An example of two CBCT correction methods and potential use of in-room volumetric data for adaptive particle therapy is shown in Fig. 3 . Currently, the use of CBCT for particle therapy dose calculation is strictly limited to research applications.
An interesting alternative approach to re-planning is doseguided positioning where treatment plan adaptation is emulated by optimizing the patient positioning to yield an optimal dose distribution in terms of target coverage and organ at risk sparing, 67, 68 potentially reducing the quality assurance workload associated with the creation of a new treatment plan. The necessary data for this procedure are the SPR distribution corresponding to the anatomy of the day as well an updated structure set.
Finally, it is worth discussing the recent interest in dual energy CT (DECT) estimation of SPR, which has been reported to be superior to conventional, single energy CT conversion. [69] [70] [71] [72] [73] [74] [75] [76] [77] [78] Recently in-room CT scanners with DECT capability have become available, and several centers are now equipped with the technology. 79 The implementation of dual energy for CBCT has also been investigated, [80] [81] [82] [83] [84] however, the applicability to particle therapy remains to be evaluated. Currently the main interest for the use of DECT in particle therapy is SPR uncertainty reduction at treatment planning, and the availability of the technique in-room would ensure that WET computations or re-planning procedures are performed at the same level of accuracy. The ability to better identify tissue composition 69, 85 may also play a role in invivo range monitoring. Techniques based on the detection of secondary radiation such as annihilation photons by positron emission tomography [86] [87] [88] [89] [90] [91] or prompt gamma photons by a dedicated camera [92] [93] [94] [95] [96] [97] [98] usually rely on predictions based on Medical Physics, 45 (11), November 2018 e1090 Landry and Hua: Image guidance for particle therapy e1090
CT conversion into tissue composition and can be sensitive to inaccuracies in this procedure. 88 Recent work suggests DECT may resolve these issues for brain irradiations. 99 
BEYOND RADIOLOGICAL IMAGE GUIDANCE
As mentioned in the introduction, non-ionizing techniques for in-room image guidance have been clinically implemented for patients receiving photon therapy. However, direct translation to particle therapy needs to overcome additional obstacles. Arguably most clinically applicable of all nonionizing techniques, optical surface imaging has been shown to improve setup of post-mastectomy chest wall irradiation patients over radiograph only based techniques 100 and performed more robustly in monitoring respiratory motion than electromagnetic tracking in controlled laboratory conditions. 101 Electromagnetic tracking systems currently suffer from significant environmental distortions which limit the use in a clinical setting of particle therapy. Optical imaging systems may have an important role to play in monitoring patient motion during particle therapy and respiratory motion management than pre-treatment patient positioning when compared to volumetric CBCT/in-room CT image guidance methods. 102, 103 Clinical application of ultrasound imaging in particle therapy has been rare. However, ionoacoustic imaging for detecting the Bragg peak is still pursued. 104, 105 Onboard MR guidance for particle therapy is currently not commercially available but is being actively investigated. Most of the past work focused on prediction of proton beam deflection in magnetic fields, implications on dose The majority of the in-room CT scanners were configured for off-treatment isocenter imaging except for those specially modified to descend from the ceiling for the seated patients. The doses were recomputed on CBCT images corrected using (c) deformable image registration (DIR) of the planning CT to the daily CBCT image 61 and (d) using the result of the deformation as prior information used to estimate a scatter correction. 62 In (e) an in-room equivalent control CT acquired 1 day after the CBCT was used to calculate the adapted plan and serves as reference. Figure adapted with permission from Kurz et al. 64 Medical Physics, 45 (11), November 2018 e1091
Landry and Hua: Image guidance for particle therapy e1091 distribution, and compensation strategies, [106] [107] [108] [109] [110] [111] with studies specific to both passively scattered 108 and actively scanned 109 clinical beams. Monte Carlo simulations suggested that the pencil beam scanning method will be the only choice for delivering a proton beam to the treatment zone inside a hypothetical split-bore MRI-guided proton therapy system due to the complexity of magnetic deflection and distortion. 112 A recent review paper 113 predicted the accelerated development of hardware and simple prototype systems within a few years and coupled systems integrated with gantries in a decade. Implementation of real-time monitoring of tumor position, which is currently achieved mostly by fluoroscopic imaging of fiducial surrogates, 114, 115 with an on-board MR system will be a significant advancement for particle therapy. Recent work has additionally investigated the possibility of MR only particle therapy dose calculation by creating pseudo-CT images from MR images. 116, 117 
CONCLUSION
The era of volumetric image guidance has finally arrived in particle therapy after decades of relying on 2D imaging. Multiple solutions are now available for clinical use, with CBCT and in-room CT leading the way. However, ample opportunities exist for researchers and vendors to improve existing systems and expand functionalities. It would be desirable to reduce size and cost, further reduce imaging dose, streamline image guidance workflows, add the 4D imaging capability for moving targets, and extend FOV with collimation for some CBCT systems. WET monitoring using volumetric images of the day, direct dose calculation capability, and efficient treatment adaption workflows would be also desirable.
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